more parameters were of interest, studies were performed on paired series of animals.
The primary problem with such paired series is the masking of significant differences between the groups caused by variations of data within the groups. Reports for such commonly measured pa rameters as local cerebral glucose metabolic rate (LCMRglu) and local cerebral blood flow (LCBF) generally show standard deviations of 15-25% of the values for individual structures in normal an imals (Sokoloff et aI., 1977; Sakurada et aI., 1978) . Causes of this data variability include (1) physiolog ical interanimal variability, (2) errors in times of ar terial samples, (3) intrastructural variability, (4) variations in tissue thickness, and (5) variations in uniformity of film response.
To circumvent these problems, techniques whereby two or more parameters can be measured simultaneously have been recently developed. In these techniques, two or more radiolabeled tracers are administered simultaneously. Two or more au toradiographs are then produced, each representing more or less the distribution of one of the tracers. It is perhaps because of these obvious benefits that many reports of multiple radionuclide studies have not well considered sources of error in the techniques. These sources of error largely fall into three categories: (1) separation of exposures from the different tracers in the autoradiographs, (2) den sitometric analysis of the autoradiographs, and (3) data comparison between the autoradiographs.
SEPARA nON OF EXPOSURES
To achieve separation of the tracers in the autora diographs, multiple radionuclide techniques depend on different half-lives of the radionuclides, different energies of beta particle emission, or chemical dif ferences between the tracers (or combinations). A first exposure is produced from both tracers and then a second exposure is made after the shorter lived radionuclide has decayed, the lower energy emission of one tracer has been blocked, or one tracer has been removed from the tissue.
One of the earliest techniques applied to the brain (Lear et al., 198 1) used differences in half lives. Animals were given two tracers, one labeled with 14C (half-life of 5,200 years) and one labeled with 1231 (half-life of 13 h). A first autoradiograph was produced by a 13 h film exposure, the sections were removed from the film for approximately 1 week to allow the remaining 1231 to decay, and a
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second autoradiograph was then produced from a 7-day film exposure. The doses of the administered radionuclides were adjusted so that the first expo sure was over 92% the result of 1231, and the second exposure was over 92% the result of 14C in animals in which the distributions of the two tracers were tightly coupled.
As the autoradiographs were not "pure," the cross-contamination of exposures between autora diographs had to be subtracted. The authors showed that exposure of 1231 could be represented by "effective 14C exposure," which permitted sub traction of cross-contamination and calculation of regional 14C and 1231 concentrations. With the 90% or greater exposure "purity" of the autoradio graphs, calculations of both tracer concentrations could be made by subtraction without any increase in variability of data over the original optical den sity measurements. The effects of image purity were evaluated by changing the purity to 50%, i.e., A similar half-life-based technique was devel oped that used 1311 (half-life of 8 days) and 14C (Mies et al., 198 1) . They produced autoradiographs that were also approximately 90% pure in normal animals, but did not subtract the cross-contamina tion between exposures. Although errors caused by this omission might be expected to be small when the tracer distributions were similar, variations in local concentration ratios could produce large errors. To reduce the significance of failure to sub tract cross-contamination, 18F (half-life of 2 h) and 14C were used in studies (Som et aI., 1983; Sako et al., 1984a,b) . These techniques produced autora diographs with less than 5% cross-contamination.
A general subtractive technique applicable to any set of radionuclides with different half-lives was also developed (Lear et aI., 1984) . Beta energy-dependent autoradiographic separa tion of tracers has also been employed between 14C and 3H (Livingston and Hubel, 198 1; Webster et aI., 1983; Gjedde and Diemer, 1985; Juhler, 1987; Juhler and Diemer, 1987; Friedman et aI., 1987) and 18F and 3H (Redies et aI., 1987) . The supercoating on normal x-ray film, alone or with an additional thin layer of mylar, can be used to prevent the very low energy 3H beta emission from reacting with the emulsion, so that exposure results only from 14C. A second exposure can then be made on uncoated film, which is caused by both tracers. A problem with the 14C_3H techniques is that uncoated film is far more sensitive to 14C exposure than to that of 3H, so it is very difficult to achieve "pure" 3H Abbreviations: DG, deoxyglucose; FDG, fluorodeoxyglucose; MG, methylglucose; lAP, iodoantipyrine; IMP, isopropyliodoamphetamine; FAP, fluoroantipyrine; DDC, diethyldithiocarbamate; HMPAO, hexamethylpropyleneamine oxime; AlB, alpha amino isobutyric acid; HL, half-life differences; E, beta emission energy differences; CW, chemical washing; CS, chemical sublimation; MD, manually operated densitometer; SD, computer-interfaced scanning densitometer; VC, computer-interfaced video camera densitometer; CCD, computer-interfaced solid-state charge-coupled device scanning densitomer; ROI, manually selected region of interest; APP, all pixel plotting; R, two parameter ratio images, DIO, dual image overlays, NS, no subtraction performed to correct for exposure cross-contamination; T, triple-label study.
Note: Image purity refers to the greatest value achievable with the technique, which is obtained only when the two parameters of interest are closely coupled. Conditions in which the values are not coupled will worsen image purity.
form did not produce perfect chemical separation as had first been thought (Ginsberg et aI., 1986; Jones and Greenberg, 1985) , and the use of di methoxy propane as a more selective solvent was recommended (Nedergaard et aI., 1986) . 
IMAGE ANALYSIS
Given the need to subtract the exposure cross contamination between autoradiographs, greater accuracy and precision are required in mUltiple label autoradiographic analysis than in single-label studies. These parameters are constrained by both the overall optical density of the autoradiographs and the accuracy of density measurements.
Autoradiographs are often produced without at tempting to control image density, or with image density set to be visually pleasing. As the darkness of the image is not linearly related to tracer concen tration, however, the precision of final tracer con centration determination is a function of image density. In fact, it has been shown that images that are generally lighter than eye-pleasing are optimal for quantitative analysis (Lear, 1986) . Methods whereby all of the data from a section could automatically be obtained were therefore de veloped. Scanning microdensitometers interfaced to minicomputers were initially employed for this purpose. Although they were capable of digitizing entire sections or even films, their outputs were noisy and data obtained had coefficients of varia tion from 6 to 12% (Goochee et aI., 1980) . The data were thus unsatisfactory for most multiple-label studies unless large regions were averaged, a pro cedure that reduced the advantage gained by the automatic digitization. Video cameras were next employed for whole section digitization, but gains in precision and accuracy over scanning microden sitometers were small if any (Ramm et aI., 1984) .
Recently, solid state sy stems, memory-mapped charge-coupled device (MM-CCD) scanners, have been developed for autoradiographic digitization.
Densitometric precision and accuracy on a pixel by pixel basis with these MM-CCD scanners approach inherent film response (Lear et aI., 1986) .
As experimental designs are developed that re quire greater precision and accuracy in determina tion of tracer concentration, the optimization of image density and use of precise and accurate image digitizers will become increasingly impor tant.
IMAGE COMPARISON
As experimental techniques and digitization hardware have improved, the need for better methods for comparison of data between the two or more parameters of interest has become apparent.
In early studies, tracer concentration measure ments were performed after computing the mean density over fairly large regions or structures using (Lear, 1988) and metabolism (Lear and Ackermann, 1988) tracers. (See paper by Lear and Ackermann in this issue for an example of all pixel plotting.)
As graphs do not show the spatial coordinates of data points, methods that can demonstrate where relative values occur within the images would be of obvious benefit. Ratio imaging has been used for this purpose. After alignment of two corresponding images in a multiple tracer study and conversion of the density images into functional images, ratios of the two images can be generated by the computer.
Initially, absolute ratios, i.e., AlB x 100, were used, where A and B refer to pixel values in the two images (Sako et aI., 1984b; Ginsberg et aI., 1986) . A limitation of any type of ratio imaging is that the ratio cannot be expressed as a function of the value of the individual parameters, e.g., a pair of corresponding pixels each with a value of 2 cannot be distinguished from a pair of pixels each having a value of 200. Dual image overlaying (DIO) has been developed to overcome this problem (Lear, 1988) . 
